The detection of thermoelastic displacement by differential phase optical coherence tomography (DP-OCT) was analytically evaluated for identifying atherosclerotic plaques. Analytical solutions were developed to understand the dynamics of physical distribution of point hear sources during/after laser irradiation on thermoelastic responses of MION-injected tissue. Both analytical and experimental results demonstrated a delayed peak displacement along with slow decay after laser pulse due to heterogeneous distribution of the point heat sources. Detailed description of the heat sources in tissue as well as integration of a scanning mirror can improve computational accuracy as well as clinical applicability of DP-OCT for diagnosing vulnerable plaque. Virmani, "Hypercholesterolemia in the rabbit induced by feeding graded amounts of low-level cholesterol. Methodological considerations regarding individual variability in response to dietary cholesterol and development of lesion type," Arterioscler.
Introduction
Atherosclerosis is a coronary artery disease with high mortality rate that is mainly caused by rupture of vulnerable plaque. The disease can be represented by a hardening of arteries [1] , variations in arterial temperature [2] , and a chronic buildup of plaque [3] . As a result, constriction of blood vessels and reduced blood supply to tissue can lead to myocardial infarction [4] . Coronary angiography has been used for 40 years as a major imaging modality to detect atherosclerosis [5] . However, the detection of the vulnerable plaques still requires a diagnostic tool that can provide molecular and cellular information on the risk of rupture along with anatomical changes of the blood vessels mainly due to the lack of correlation between narrowing lumen and rupture of the vulnerable plaque. Macrophage has been acknowledged as an early cellular marker of the plaque rupture as it can induce the breakdown of a thin fibrous cap in the vessel. Thus, the detection of the macrophage has been clinically pivotal in identifying the location of the vulnerable plaque as well as determining the progression of atherosclerosis [6] [7] [8] .
Ultrasmall superparamagnetic iron oxide nanoparticles (USPION) have demonstrated a capability of detecting inflammatory activity of atherosclerotic plaques in light of uptake by macrophages [9] . The nanoparticles can be combined with other imaging modalities such as optical coherence tomography, optical doppler tomography, and ultrasound for lesion identification [4, 10, 11] . Among various imaging modalities, magnetic resonance imaging (MRI) has often been used to detect inflammation in the atherosclerotic plaques with the aid of the intravenously injected-USPION [3, 4, 12, 13] . The principle was to estimate the potential location of the plaque where the macrophages engulf the nanoparticles. However, in spite of the increased contrast and feasible detection of USPION-phagocytosed plaques, the MRI technique still presented inherently low sensitivity and contrast-to-noise ratio and hardly characterized the atherosclerotic plaques [14] . In addition, the magnetic iron oxide nanoparticles can hardly be delivered to the targeted atherosclerotic plaque via blood stream, in that most of the particles are typically taken up by major phagocytic systems (MPS) such as liver and spleen [12, 13] . Thus, the modality is still difficult to complete the detection of high-risk plaques [15] .
Another approach can involve the use of absorptive gold nanoparticles or monocrystallin iron oxide nanoparticles (MION) in conjunction with laser excitation for photothermal detection [16] [17] [18] [19] . Particularly, MION is FDA-approved nanoparticles for MRI applications, which are small enough to escape form MPS and reach the macrophages existing inside the atherosclerotic plaque [20] . It was reported that MION could selectively absorb the 532 nm wavelength, inducing temperature increase in tissue [16] . Since the resultant photothermal response typically leads to thermoelastic movement of the MION-laden tissue, measurements of both surface displacement and laser-induced temperature were implemented for detection of non-cardiovascular diseases [21] . In order to detect micro-displacement of MION-injected tissue, differential phase optical coherence tomography (DP-OCT) can be a feasible tool, in that DP-OCT can measure the optical path length changes in tissue with high phase sensitivity and resolution [22, 23] . However, the physical distribution and delivered concentration of MION in tissue are still poorly understood, so it is difficult to predict the thermal behaviors of the nanoparticles particularly for the potential detection of atherosclerotic plaques. In addition, no analytical approach has been performed to specifically investigate the feasibility of DP-OCT in association with the displacement of MION for cardiovascular applications.
To understand thermoelastic responses of nanoparticles to laser irradiation for the feasible atherosclerotic detection, the current study developed analytical models and evaluated various thermal conditions of the nanoparticles in tissue. Primarily, a two-step approach was applied to gradually increase the complexity of the analytical solution for thermoelastic surface displacement. The model was initially developed with a single point heat source and then expanded to distributed point heat sources, which could be more relevant to the MIONinduced temperature distribution in tissue. For model validation, MION-injected arterial tissue was prepared and irradiated with 532 nm laser light for thermal excitation ex vivo and simultaneously detected by DP-OCT to measure the laser-induced optical path length changes in the MION-laden tissue due to thermoelastic responses.
Theoretical analysis
Thermoelastic displacement due to non-uniform temperature distribution in a semi-infinite half space has been of great interest in previous studies [24, 25] . An analytical solution proposed by Mindlin and Cheng can then be used to describe the thermoelastic displacement of nanoparticle-embedded media [26] . Firstly, elastic potential of sources in a semi-infinite body (z > 0) that is assumed to be free of traction at the surface can be derived by applying image sources (z < 0) and their derivatives for the elastic field (u) at a center of dilatation.
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where ϕ and 2 ϕ are each elastic potential of a point heat source in a semi-infinite half space and in the image space respectively. In addition, 2 ∇ in Eq. (1) can be defined as follows:
where v is Poisson's ratio and k is a unit vector in z-direction (depth). The elastic potentials ( ϕ and 2 ϕ ) are the integral of the distribution of a dilatation center in a volume of interest [27] . The current analysis attempted to solve a thermoelastic surface displacement, 3 u (x, y, 0), where the subscript 3 means the direction of displacement normal to the surface, induced by a point heat source representing a single MION particle engulfed by macrophages at (0, 0, c), where c indicates a depth of the point heat source in a semi-infinite half space (0 < z < ∞) with an insulating boundary. Accordingly, two analytical solutions were derived and developed: the thermoelastic displacement due to the instantaneous heating of a point heat source ( Fig. 1(a) ) and a group of point heat sources ( Fig. 1(b) ). , where ξ represents a position vector in Cartesian coordinates for the point heat source located along the z-axis at (0, 0, c) in a semi-infinite half space and t (sec) is time. Seo and Mura solved an analytical solution for the thermoelastic displacement caused by an inclusion that has uniform dilatational eigen strains, * ( , ) t ε ξ , in a semi-infinite half space [24] . Thus,
, where α (m/K) is a linear thermal expansion coefficient, in consideration of the semi-infinite half space when the surface plane is free of traction [25] . Liu et al. used Seo and Mura's approach to derive an integral equation for a thermoelastic displacement in the half-space with arbitrary temperature distribution [28] .
Consequently, the integral expression for the normal surface displacement ( )
lateral position (x, y) and time t is as follows:
A temperature increase (( , ) T t ξ Δ ) due to the instantaneous heating of a point heat source in a semi-infinite media with an insulating boundary condition can be written as a sum of two Green's functions;
where 
where ( [29] . The thermoelastic displacement in the spatial frequency domain (k) can be expressed as follows:
where (0, c) is the location of the point heat source in a cylindrical coordinate and k is a spatial frequency. Then, the normal surface displacement in a space (r) domain can be obtained by using the inverse Hankel transform (IHT). However, as no analytical solution for IHT has been found, a quasi-discrete numerical Hankel transform [29] modified by GuizarSicairos et al. was applied instead, and their numerical solution was adapted to obtain the thermoelastic surface displacement ( 3 u ) in the space domain [30] .
where ( ) o J r is the zero-order Bessel function [29] .
For thermoelastic surface displacement of a point heat source (0, 0, c) during pulse duration ( p t ), the time-integral of the displacement due to instantaneous heating can be computed.
(
where Finally, atherosclerotic tissue contains a number of macrophages, which engulf a great deal of MION. In order to reflect the MION aggregation, the impact of multiple point heat sources was analyzed ( Fig. 1(b) ). The thermoelastic displacement of the point heat sources distributed in a semi-infinite half space can be expressed by a linear superposition of the thermoelastic displacements induced by each point heat source as follows; 
where the superscripts D and p represents the distribution of the entire point heat sources and laser heating during the pulse duration.
Experiments
As a superparamagnetic intravascular contrast agent, MION was used for the current model validation. The absorption spectra of MION (total diameter of 30 nm including dextran coating along with core diameter of 4~7 nm) were preliminarily evaluated to enable the detection of atherosclerotic vulnerable plaque ex vivo [16] . For the ex vivo experiments, a rabbit model was used to create atherosclerotic plaques in the aorta [31] . [32] ) was administered into the marginal vein of the rabbit ear prior to the in vitro tests. For a control WHHL rabbit, 2 ml of saline was injected instead. Three days after intravenous injection, the rabbits were euthanized with a lethal dose of phenobarbitol after sedation with inhaled isoflurane, and 2 ml of heparin was injected to prevent blood clotting. Thoracic and abdominal aorta were extracted from each rabbit and perfused with saline to remove any blood contamination. Prior to tissue excision, the medical doctors at the center visually identified and confirmed the atherosclerotic plaque formed in the blood vessel. Then, segments of the aortas were prepared in size of 4 × 4 mm 2 for control and MION-accumulated samples (N = 4 for each group), and they were stored at 4 °C in saline before use to minimize any dehydration and morphological changes.
Pulsed laser light (wavelength = 532 nm, pulse duration = 100 ms, fluence rate = 2.26 W/cm 2 ) was applied through a 400-μm core fiber to generate thermoelastic responses of MION in aortic tissue (Fig. 2) . A DP-OCT system with near-IR light (λ = 1.31 ± 60 μm, AFC Technologies Inc., Hull, Quebec, Canada) was employed to measure surface displacements in tissue in response to the laser irradiation with a phase sensitivity of ~10 −3 rad and the minimum detectable optical path length change of ~0.2 nm [22, 23] . The DP-OCT system principally consisted of polarization-maintained fibers and two different orthogonal polarized lights (// and × ) that traveled in the system with a time-delay due to the insertion of a calcite prism in a sample arm (Fig. 2(a) ). Each polarized light was reflected from an interface where refractive index difference existed and caused the resultant interference in the system. In turn, DP-OCT measured the optical path length change at a nanometer scale by calculating the differential phase between two of these polarized lights, reflected from the sites of interest.
During experiments, each tissue sample was placed on top of a base plate at room temperature and fixed in between two microscope slides with 3 mm spacers situated as shown in Fig. 2(b) . The potential area of plaque formation on the inner arterial wall was exposed to DP-OCT beam to measure thermoelastic displacements. The wall surface was flattened out to have minimal spatial variations of IR emission during laser irradiation. For the current setup, two back-scattered lights from a glass-air interface and an air-artery interface respectively were detected to measure the surface displacement of the tissues. Thus, the thermoelastic displacements were compared between MION-injected and control WHHL rabbit arteries in light of optical path length variations. All the preparation and experiments were completed within 6 h after animal euthanasia. No statistical difference between the animals was reflected in the current study. 
Results and discussion
The developed analytical solutions were utilized to explore the thermal responses of nanoparticles to pulsed laser irradiation under various conditions. Initially, the impact of a single point heat source (i.e. single MION) on thermoelastic surface displacement was investigated in terms of spatial distribution of the source (axial and radial positions). Assuming that a DP-OCT detection point was fixed at the origin (0, 0, 0), the physical locations of the heat source relative to the detection point were varied to explore thermal responses of the MION-injected tissue during and after laser irradiation. Figure 3 (a) presents variations in normalized surface displacements as a function time for four axial positions (i.e. 50, 100, 150, and 200 μm) from the detection point (0, 0, 0) and a fixed radial position (r = 0) under 50 ms laser irradiation. Overall, the displacement initially increased during pulse duration but sharply decreased after the pulse. The maximum displacement occurred at the end of the pulse duration and almost linearly decreased with increasing the axial positions. According to the current model, the sharp decay in the thermoelastic displacement after 50 ms implicates that the surface displacement was influenced primarily by the heat source along the depth axis. Regardless of the axial position, the equivalent decay rates after the pulse occurred possibly due to the absence of point heat sources that were laterally located in tissue. In addition, in spite of the fixed detection point, the surface displacements at deeper locations were still computable, in that the direction of the thermal wave propagation could remain identical (i.e. normal to the tissue surface). Figure 3 (b) exhibits the effect of radial positions of a point heat source on thermoelastic surface displacements. In the model, the depth of a point heat source was fixed at 5 μm, and the heat source was located at various radial positions (i.e. 0, 63, 96, and 129 μm). Similarly, the surface displacement initially increased during the pulse duration but sharply decreased upon termination of the pulse. However, it was noted that after the pulse, the displacement gradient significantly decreased with increasing the radial positions. Unlike Fig. 3(a) , the peak displacement also decreased more rapidly with the radial positions away from the detection point. Therefore, from the fixed detection point, the lateral location of the heat source determined not only the magnitude of the displacement as well as the gradient of the thermoelastic responses in tissue whereas the axial position of the point heat source solely affected the magnitude of the thermoelastic displacement. Next, thermoelastic responses of MION-injected tissue were evaluated in consideration of a group of point heat sources. As aforementioned, multiple heat sources were constructed by a superposition of the thermoelastic displacement due to an individual point heat source. Since MION can be haphazardly distributed in arterial tissue, two possible distributions of a group of the point heat sources were considered: (a) homogenous and (b) heterogeneous distribution of point heat sources. Particularly, for the latter case, the position of the detection area would be pivotal in determining strength and tendency of the thermoelastic responses in tissue, in that the current DP-OCT system was based upon single-point detection. Thus, as validated in Fig. 3 , two different scenarios were applied: (a) detection of displacement immediately above MION and (b) detection of displacement radially distant from MION. For the sake of simplicity, the macrophages engulfing MION were assumed to be located within the irradiated area. Figure 4 demonstrates three cases of the surface displacements during and after 100 ms laser irradiation that were normalized for the purpose of direct comparison. Figure 4 (a) represents the homogeneous distribution (every 5 μm interval) of a group of the point heat sources within a heated volume (35 μm in depth by 50 μm in radius) below the detection point, assuming that light penetration was smaller than the diameter of the heated area. The profile showed a faster increase of surface displacement due to rapid temperature increase and the dramatic decay with the time constant of approximately 110 ms after the pulse. In the face of the superposition of multiple surface displacements due to heat diffusion from the surrounding heat sources, the surface displacements directly below the detection point were found to be higher than other areas. The current findings were also consistent with our previous study with a solution of MION, representative of a homogeneous medium [16] . Therefore, under the homogeneous distribution, the overall shape of the thermoelastic surface displacements can be mainly determined by a group of the heat sources close to the detection point.
Figures 4(b) and 4(c) represent the heterogeneous distribution of MION detected by DP-OCT above and away from MION respectively. Unlike Fig. 4(a) , both cases showed a slower decay of the thermoelastic surface displacement after laser pulse. It is hypothesized that the significant thermal diffusion from the peripheral heat sources into the detection point compromised the decay of the thermoelastic displacements due to heterogeneity of the MION-distribution in tissue. It was also noted that the detection point remote from the sources contributed to continuous increase of the displacement even around 100 ms after the laser pulse. Thus, the peak surface displacement occurred at around 200 ms after the onset of the pulse whereas the other cases generated the peak displacement at the end of the pulse. Conceivably, the delayed displacement implicates that the heat influx originated from the heterogeneous heat sources took time to be transferred to the detection point. Then, thermal energy could be continuously accumulated and expanded to the detection point, which was faster than heat loss. However, the absolute magnitude of the displacement in Fig. 4(c) was found to be up to 50% smaller than the other cases as the signal strength notably diminished during the thermal wave propagation to the detection point. Fig. 4 . Simulation of normalized thermoelastic displacements due to pulsed laser irradiation (100 ms duration) in semi-infinite medium: (a) homogeneously distributed point heat sources with 5 μm intervals, (b) heterogeneously distributed heat sources with detection point above group of heat sources, and (c) heterogeneously distributed sources with detection point 300-μm distant from group of heat sources Figure 5 presents the thermoelastic surface displacements of rabbit arteries in response to laser irradiation experimentally measured by DP-OCT. The existence and location of MION in arterial tissue was histologically investigated in a previous study [10] . Both RAM-11 and Prussian Blue positive staining localized macrophages as well as iron of the engulfed MION, which were located near the luminal surface of the intimal hyperplasia. The histological findings ostensibly evidenced that macrophages in atherosclerotic plaques could engulf the nanoparticles following intravenous injection of MION. Overall, both MION-injected and control tissues initially generated rapid increase of surface displacements during and around 20 ms after the pulse duration. The displacements, however, decreased gradually with time due to temperature decrease by heat diffusion to the peripheral tissue. In the case of the MION-injected tissue, the thermoelastic displacement reached up to 1270 nm with the increase rate of 11.0 nm/ms, which was 3.2 fold in comparison with the control. Accordingly, the faster increase of the displacement evidenced that selective light absorption by MION can be a strong indication of atherosclerotic plaques, which can evidently be detected by DP-OCT. Due to the faster heat deposition by MION in tissue, the thermal decay rate was approximately 0.9 nm/ms upon termination of the pulse. On the other hand, the control tissue showed a slower increase of the surface displacement reaching only up to 400 nm (i.e. 3.5 nm/ms). Less heat accumulation caused a lower gradient of displacement decrease down to 0.02 nm/ms. It can be conceived that the residual chromophores such as erythrocytes and blood vessels contributed to temperature increase upon light absorption in spite of absence of MION in control tissue. Still, the degree of thermoelastic response from the control would be quite insufficient for DP-OCT detection in light of clinical applications. In terms of the delayed peak displacement and slow decay, the experimentally observed thermoelastic surface displacement from MION-laden tissue (Fig. 5) was largely comparable to the analytical solution shown in Fig. 4(c) . The continuous increase of the measured thermoelastic surface displacement after the pulse implies that the number of MION-engulfed macrophages under the detection point was smaller than that of macrophages distant from the detection point. Thus, the heated macrophages, which were located distant from the detection point of DP-OCT, resulted in the delayed increase of the displacement even after the pulse and a slower decrease of the thermoelastic displacement as shown Fig. 4(c) . These results are consistent with the histologic locations of both macrophages and engulfed MION in our previous study [10] . However, in spite of the comparable decay rate, the peak displacement in Fig. 5 was reached five times fast as that in Fig. 4(c) , possibly resulting from low density of MION near the detection point. Thus, the increase rate of the peak surface displacement can be determined primarily by the number of heat sources away from the detection point.
The current study presented that photothermal detection of surface displacements to identify atherosclerotic macrophages was solely based upon the selective heating of absorptive nanoparticles (MION) in a MION-laden vulnerable plaque and their photothermal responses. Although the 3:1 difference in surface displacements between MION-laden and unladen atherosclerotic tissue was appreciated in Fig. 5 , it should be noted that the "contrast ratio" could substantially decrease or vanish when comparing a MION-laden vulnerable plaque with below-average macrophage content or below-average MION uptake to a MIONladen normal artery with above-average thermal absorption or MION uptake. Thus, further investigations should be conducted to differentiate normal from pathologic atherosclerotic tissue in light of macrophage content as well as MION uptake or thermal absorption in the macrophages. In addition, more histopathological understanding of MION concentration as well as distribution in tissue should be performed to improve the accuracy of the current computation. In spite of a comparable development of the surface displacement, incorporation of more detailed information on heat source distribution into the current model will be able to determine the threshold of the surface displacement for detection, the optimal concentration of the nanoparticles, and the appropriate selection of both various nanoparticles (i.e. nonsuperparamagnetic) and excitation wavelengths (i.e near-IR for deep optical penetration). Furthermore, it is notable that the current model took into account optical path length changes dominated merely by physical thermal expansion without consideration of variations in tissue refractive index. In fact, our previous study found that the thermal expansion affected the overall optical path length change significantly (more than ten times), in comparison with the refractive index [16] . However, in order to enhance the accuracy of the numerical simulation, the future study will incorporate the effect of thermal change in refractive index in tissue into the current analytical model.
In an attempt to validate the current findings, the follow-up in vivo studies are presently under consideration. However, several challenges should be deliberated in association with translation to the in vivo application. For instance, as intravascular OCT typically requires a contrast flush to clear blood from the targeted vessel during imaging, the flush would act as a cooling mechanism to diffuse heat away from the tissue, leading to the considerable attenuation of the surface displacement effects. Next, cardiac and respiratory actions would induce gross vessel motions, which could make it challenging to reliably detect sub-micron surface displacements during the in vivo testing. Finally, the compliance in the media, adventitia, and epicardial tissues would partially diminish the path changes, in that an intact, functioning artery could expand differently, in comparison with the excised tissue used in the current study. Therefore, the inherent anatomical and physiological challenges should be addressed and thoroughly resolved to achieve favorable outcomes from the in vivo use.
Although the current analytical results showed a good agreement with the experimental measurements, there are still a number of technical limitations to overcome for clinical applications. Firstly, as DP-OCT was associated with single-point detection, repetitive identification processes of MION were performed during the experiments. In order to reduce the identification time and to explore the sites of interest promptly, the addition of a scanning mirror to the current DP-OCT system is underway. Accordingly, high sensitivity as well as increased mobility can enable the system to be more clinically applicable. Next, the thermoelastic surface displacement of the arterial tissue will be confirmed with a thermal IR camera to correlate temperature increase with thermoelastic expansion and to validate the current computational model in terms of peak displacement as well as its decay gradient. Finally, for clinical translation, it may be advantageous to integrate optical fiber-based excitation and detection methods into a single delivery device to providing the real-time feedback for detecting atherosclerotic plaques in tissue.
Conclusion
The current study developed an analytical model to understand thermoelastic surface displacements of MION-injected arterial tissue in response to pulsed laser heating. Both single and group of point heat sources demonstrated the dependence of the surface displacement on MION distribution. The experimental measurements validated the analytical solution in terms of heterogeneous distribution of the point heat sources in association with distant DP-OCT detection. The current model can be used to determine the signal threshold and to optimize nanoparticle concentration for plaque detection by exploring more precise distribution of the heat sources in tissue. However, the further comparative experiments in terms of macrophage content and MION uptake should be performed to evaluate the detectability of DP-OCT to specify the photothermal response of the MION-laden tissue. Addition of a scanning mirror to current DP-OCT systems as well as development of fiberbased multimodal approaches are also underway to enhance the clinical applicability of vulnerable plaque detection. The detection of the thermoelastic surface displacement by DP-OCT could be a feasible diagnostic tool to perform cellular monitoring macrophage-based plaque.
